The PIWI-interacting RNA (piRNA) pathway is essential for germline development and transposable element repression. Key elements of this pathway are members of the piRNA-binding PIWI/Argonaute protein family and associated factors (e.g., VASA, MAELSTROM, and TUDOR domain proteins). PIWIinteracting RNAs have been identified in mouse testis and oocytes, but information about the expression of the different piRNA pathway genes, in particular in the mammalian ovary, remains incomplete. We investigated the evolution and expression of piRNA pathway genes in gonads of amniote species (chicken, platypus, and mouse). Database searches confirm a high level of conservation and revealed lineage-specific gain and loss of Piwi genes in vertebrates. Expression analysis in mammals shows that orthologs of Piwi-like (Piwil) genes, Mael (Maelstrom), Mvh (mouse vasa homolog), and Tdrd1 (Tudor domaincontaining protein 1) are expressed in platypus adult testis. In contrast to mouse, Piwil4 is expressed in platypus and human adult testis. We found evidence for Mael and Piwil2 expression in mouse Sertoli cells. Importantly, we show mRNA expression of Piwil2, Piwil4, and Mael in oocytes and supporting cells of human, mouse, and platypus ovary. We found no Piwil1 expression in mouse and chicken ovary. The conservation of gene expression in somatic parts of the gonad and germ cells of species that diverged over 800 million yr ago indicates an important role in adult male and female gonad.
INTRODUCTION
Gametogenesis is central to sexual reproduction, and in mammals the development of oocytes and sperm involves epigenetic reprogramming and temporal erasure of DNA methylation, leading to increased retrotransposon expression. Small RNA regulatory pathways, the PIWI-interacting RNA (piRNA) pathway in particular, are essential for genome integrity, retrotransposon repression, and germ cell development [1] .
Major players of the piRNA pathway comprise the highly conserved PIWI/Argonaute protein family [2] . In Drosophila, this includes PIWI (P-element-induced wimpy testis), Aubergine (AUB), and Argonaute 3 (AGO3). PIWI and AUB are expressed in germline tissues and interact with primary piRNAs, while AGO3 is expressed in somatic and germline cells in gonads and interacts with secondary piRNAs (the socalled ping-pong processing cycle) [1] . Orthologs of the Drosophila Piwi gene have been identified in many metazoan species [3] . In eutherian mammals, usually four Piwi-like genes exist (Piwil1, Piwil2, Piwil3, and Piwil4) [4] , with the exception of mouse, where three Piwi-like genes have been identified (Piwil1 or Miwi, Piwil2 or Mili, and Piwil4 or Miwi2) [5] [6] [7] . A recent analysis of small RNA pathways in the most basal mammalian lineage, the egg-laying mammals, has identified piRNAs in testis, as well as orthologs of Ago1 to Ago4, Piwil1, Piwil2, and Piwil4. The lack of Piwil3 in monotremes and opossum is consistent with the idea that this gene has evolved after the separation of eutherian mammals and was subsequently lost in mouse [5] .
A number of proteins have been identified that interact with PIWI proteins or are otherwise important in the piRNA pathway. Such proteins include mouse orthologs of Maelstrom (Mael), Tudor, and Vasa (Mvh or Ddx4) [8] . The Mael gene was initially discovered in Drosophila, where it is required for germline stem cell (GSC) differentiation during ovarian development [9, 10] . MAEL is an evolutionarily conserved protein that contains a DNA-binding high-mobility group (HMG) domain and a MAEL domain with unknown function [11] . MAEL is reported to interact and colocalize with other piRNA components such as PIWIL1 and PIWIL2 in mouse adult testis [12] and PIWIL4 in fetal testis [13] . The Tudor gene was initially discovered because of its importance for development and fertility in Drosophila [14] . Tudor domaincontaining proteins associate via N-terminal symmetrical dimethyl arginines with PIWI proteins [15, 16] . In mouse, there are nine Tdrd genes that are involved in RNA metabolism and a variety of processes during development. TDRD1 has been shown to interact with PIWIL2 in mouse (MILI) and zebrafish (ZILI) [17, 18] . Another gene involved in the piRNA pathway is the well-studied germ cell marker VASA. The Vasa gene codes for a member of the DEAD box family of RNA helicases, which have important functions in various aspects of germ cell development. The mouse ortholog Mvh (or Ddx4) is considered to be necessary for the ping-pong amplification cycle of piRNAs [19] .
The piRNAs have been identified in gonads (testis in particular) in a range of animals and at different stages of development [20] [21] [22] [23] . In mice, Piwi genes are expressed during early spermatogenesis. Piwil4 (Miwi2) is expressed in the mitotically arrested prenatal GSCs [24] and in Sertoli cells [6] , but expression is undetectable 4 days after partum. Piwil2 (Mili) expression extends from mitotically arrested GSCs to round spermatids [25] . Major piRNA production coincides with Piwil1 (Miwi) expression during midpachytene to meiotic spermatocytes and in elongated spermatids [26, 27] . In contrast to mouse, human PIWIL1-4 expression has been reported in adult testis [4] .
The piRNAs have been identified in Drosophila and in mouse oocytes [28] [29] [30] [31] . Interestingly, only primary piRNAs have been identified in somatic nurse cells in Drosophila, while primary and secondary piRNAs are observed in germ cells [23] . In mammals, Piwil2 and Piwil4 have been suggested to be important for the secondary piRNA pathway [13] . Despite doubts about piRNA activity in the mammalian ovary, piRNAs have been reported in ovary in mammals [30] [31] [32] .
Initially, it was thought that Mael and Piwi genes are not expressed in ovary [7, 12, 33] , but recent work reported Piwil1, Piwil2, and Mael expression at different stages of folliculogenesis in mouse and pig [34, 35] . Vasa (Mvh or Ddx4) and Tdrd domain protein gene expression (including Tdrd1) has been demonstrated in male and female gonads in various animal lineages [18, 36, 37] .
Aberrant germ cell development and sterility are a consistent feature of animals with defects in the piRNA pathway [9, 12, 21, 22, [38] [39] [40] [41] . In mice, males seem more severely affected, and animals carrying mutant Piwil1, Piwil2, and Piwil4 are all male sterile and female fertile [6, 25, 26] . Similarly, Mael-mutant mice are male sterile and female fertile [39] . For Vasa, the mutant phenotypes vary between species, but interestingly mutant mice show female sterility, while in Drosophila only males are affected [42, 43] . For Tdrd genes, the effects on male and female germ cells have been well documented [44] . Tdrd1-mutant mice are male sterile [45] , and in zebrafish Tdrd1 mutation leads to loss of germ cells in females [18] . Herein, we provide a detailed analysis of the evolution and expression pattern of piRNA pathway genes in adult ovary and testis of mammals and birds.
MATERIALS AND METHODS

Sequence Analysis
Complete transcripts or cDNA sequences of Piwi genes from different species were acquired from various sources ( Table 1 ). The protein sequences of MAEL from species other than platypus were obtained from ENSEMBL release 65 (Table 2) . Evolutionary trees were constructed by the Bayesian inference phylogenetic method. Multiple alignments were performed using MUSCLE in Geneious version 4.6.5 [46] . Bayesian analysis was performed using the Metropolis-coupled Markov chain Monte Carlo (MCMC) simulation program MrBayes version 3.1 [47] and the gamma-distributed rate variation across sites. Model parameters for each partition were estimated separately during the MCMC process. Bayesian analyses were run using standard settings (unconstrained branch length, 100 000 burn-in length, and 200 subsampling frequency).
Synteny Analysis
The information of the genomic regions flanking Piwi genes from different species used in synteny analysis was obtained from ENSEMBL release 65. In cases where gene orthology was unclear, National Center for Biotechnology Information nucleotide-nucleotide BLAST (BLASTN) [48] was used to determine sequence similarity. For genes that could not be found in the ENSEMBL release 65 database or BLASTN, GENSCAN [49] was performed to predict putative exons within this region between known flanking genes. For example, the information about Piwil4 in chicken and zebra finch cannot be found in ENSEMBL release 65 and BLASTN against the Gallus gallus (taxid 9031) database. Thus, further analysis of the genetic region flanked by the conserved known genes, in this case chicken and zebrafinch Amotl1 and Fut4, was performed. The genetic sequence between Amotl1 and Fut4 was obtained from ENSEMBL release 65. GENSCAN was performed to predict putative exons within this region, and the identity of these predicted exons was verified with BLASTN. In addition, pairwise local alignment between species within this region was conducted using SIM4 [50] .
Tissue Samples
Platypus tissues were obtained from an adult male or female platypus (animal ethics permits AEEC R.CG.07.03 and AEC S-49-200 to F.G.). Chicken and mouse tissues were collected opportunistically (no permit required) from animals used for other projects. Chicken tissues were obtained from an adult male rooster and an ovary from an adult chicken. Adult mouse testis and ovary tissues were obtained from adult C57BL/6 animals. Normal human ovarian tissues used were collected with approval from the Royal Adelaide Hospital Human Ethics Committee (C.R. and M.K.O.). Testis total RNA was purchased from Stratagene.
5
0 Rapid Amplification of cDNA Ends PCR
The transcription start site of the platypus Mael gene was obtained by using the SMART rapid amplification of cDNA ends (RACE) cDNA amplification kit (Clontech) according to the manufacturer's protocol. The 5 0 end of platypus Mael was amplified using standard PCR. Reaction products were analyzed by 1.5% agarose gel electrophoresis and purified using the QIAquick gel extraction kit (Qiagen). The purified 5 0 RACE fragment was cloned into the pGEM-T Easy Vector (Promega) and sequenced. 
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Bacterial Artificial Chromosome Clones
Platypus bacterial artificial chromosome (BAC) clones were obtained from the Clemson University Genomics Institute BAC/expressed sequence tags resource center and from the Children's Hospital Oakland Research Institute. The BAC clone information is given in Table 3 . The platypus Mael-positive BAC clones were confirmed by PCR and sequencing.
Preparation of Chromosomes
Mitotic metaphase chromosomes were generated from established platypus fibroblast cell lines. The method has been described previously [51] .
Fluorescence In Situ Hybridization
Fluorescence in situ hybridization was performed as described previously [51] . Briefly, 1 lg of BAC DNA was directly labeled with 0.3 ll of SpectrumOrange or SpectrumGreen 2 0 -deoxyuridine-5 0 -trisphosphate (Vysis) using 5 U of Klenow polymerase (New England Biolabs) and 5 pg of 9-mer random primer (Geneworks). Probes were coprecipitated with 50 lg of salmon sperm DNA and 10 lg of sonicated platypus male genomic DNA. The probe DNA was dissolved in deionized formamide and dextran sulfate. Metaphase slide preparation and hybridization were performed as described previously [41] . Images were taken with a Zeiss Axio Imager Z.1 epifluorescence microscope equipped with a charge-coupled device camera and Zeiss Axiovision software.
RT-PCR and Sequencing
Two micrograms of total RNA was extracted from frozen tissues using TRIzol (Invitrogen) according to the manufacturer's instructions. The RNA was treated with DNase I (New England Biolabs) and reverse transcribed using random hexamer and SuperScript III reverse transcriptase (Invitrogen) according to the manufacturer's protocol. The cDNA expression was first normalized and checked for genomic DNA contamination by performing PCR with Actb and Gapdh primers from different species, respectively (Table 4 ). In total, 27 cycles were performed in Actb or Gapdh PCR reaction, while 32 cycles were performed for other gene PCR reactions. The PCR products were confirmed by sequencing (Big Dye Terminator version 3.1 cycle sequencing kit; Applied Biosystems). All RT-PCR experiments were repeated three times in at least two animals.
RNA In Situ Hybridization
Generally, cDNA fragments approximately 450 to 550 bp are amplified with PCR (Table 4) and cloned into pGEM-T Easy Vector. To ensure specificity and orientation of the probes, PCR products and clones were sequenced, and BLASTN searches were performed. In vitro transcription was performed with T7 and Sp6 polymerases (Roche Diagnostics) to obtain cRNA probes. Probes were labeled with digoxigenin-11-UTP (Roche Diagnostics) according to the manufacturer's protocol. Testis and ovary tissues were fixed in 4% paraformaldehyde and embedded in paraffin and sectioned by the Institute of Medical and Veterinary Science anatomy service (South Australian Pathology). Sections were deparaffinized and treated with 1.2 lg of proteinase K (Roche Diagnostics) for 30 min at 378C, washed with 13 PBS, and acetylated with 0.1 M triethanolamine/0.178% hydrochloride/0.25% acetic anhydride (Sigma). Sections were prehybridized at 658C for 2 h (50% deionized formamide/33 saline-sodium citrate [SSC]/13 Denhardt solution/ 0.005 M phosphate buffer/10% dextran sulphate/1 mg/ml of yeast total RNA/1 mg/ml of salmon sperm DNA) and hybridized with digoxigenin-labeled probe overnight at 508C. Slides were washed with increasing stringency (23 SSC, 13 SSC, 0.53 SSC, and 0.13 SSC) for 15 min each at 508C and treated with 0.15 mg/ml of RNase A for 30 min at 378C. Slides were blocked with 1% blocking solution (Roche Diagnostics) and incubated with 1:200 primary antidigoxigenin-antibody coupled to alkaline phosphatase for 1 h at room temperature. Slides were washed with 100 mM Tris-HCL (pH 7.5) and 150 mM sodium chloride three times for 10 min each at room temperature, followed by a 10-min room temperature incubation with 100 mM detection buffer (TrisHCl [pH 9.5]/100 mM sodium chloride/50 mM magnesium chloride). Slides were detected with detection buffer containing 0.18 mg/ml of 5-bromo-4-chloro-3 0 -indolyphosphat, 0.34 mg/ml of Nitro-blue tetrazolium (Roche Diagnostics), and 240 lg/ml of levamisole hydrochloride (Sigma). Sections were covered with the detection buffer at room temperature in the dark for 12 to 16 h.
RESULTS
Conservation of piRNA Pathway Genes in Amniotes
The piRNAs have been described in gonads of a broad range of animal phyla. Orthologs of key genes in this pathway, including Piwi, Mael, Vasa, and Tudor, can be found in invertebrates and vertebrates, demonstrating an overall conservation of this pathway in animal evolution. Despite this overall high level of evolutionary conservation, a number of lineagespecific gene gains and losses exist ( Fig. 1A and Table 5 ).
There is a single Piwi gene in Drosophila, but up to four Piwi- 
piRNA PATHWAY GENE EXPRESSION IN AMNIOTE GONAD like genes are found in most mammals. High sequence conservation between Piwi orthologs and paralogs made it difficult to reconstruct the evolution of Piwi-like (Piwil) genes in animals. The presence of Piwil1 and Piwil2 orthologs in most species investigated [5, 7, 41] suggests that one of these genes represents the ortholog to Drosophila Piwi. This is also supported by the broad expression pattern, in particular of Piwil2, in embryonic and adult gonad [5] . However, we were not able to identify PIWIL2 in the chicken genome in the region where this gene resides in human and lizard. Database search and synteny analysis identified a sequence similar to Piwil2 in another genomic region in chicken and zebra finch (Fig. 1B) . The region containing this putative avian PIWIL2 gene does not harbor any PIWIL genes in mammals or other reptiles. Phylogenetic analysis shows that both chicken and zebra finch PIWIL2 clusters with other Piwil2 orthologs but is the most diverged gene in this group (Fig. 1C) .
Piwil3 has so far only been identified in eutherian mammals, with the exception of mouse ( Fig. 2A) [4, 52] but not in marsupials or monotremes [5] . Piwil3 synteny analysis in eutherian mammals shows that this gene is located in a region that has undergone complex rearrangements in mammals ( Fig.  2A) . Contradictory to the notion that Piwil3 is eutherian specific, a piwil3 ortholog has been annotated in the Xenopus genome assembly (ENSXETG00000012572). Four piwil genes (piwil1a, piwil1b, piwil2, and piwil4) have previously been identified in Xenopus [41] . Piwil1a (xiwi1a) was suggested to be a paralog of piwil1b (xiwi1b) [41] . Sequence analysis shows that the published xiwi1a gene is identical to the annotated piwil3 (ENSXETG00000012572; ENSEMBL release 65). The genes flanking xiwi1a in Xenopus (Rimbp2 and Fzd10) are located on human chromosome 12 flanking human PIWIL1, providing evidence that this is the ortholog of the mammalian Piwil1 (Fig. 2B) . Also, BLASTN of Xenopus piwil3 cDNA (ENSXETT00000027524) shows a 100% match of 89% of the predicted Xenopus piwil1 (LOC100488735) sequence and highest similarity with Piwil1 of other species.
Additional genes associated with the piRNA pathway include Vasa, tudor domain-containing protein 1 (Tdrd1), and Maelstrom (Mael). Vasa is highly conserved, and orthologs have been identified in all animals so far investigated, including marsupials and monotremes [37] .
Tdrd1 interacts with other proteins of the piRNA pathway, including PIWIL1, PIWIL2, and MAEL. Orthologs of Tdrd1 are listed for different amniotes, including Anolis lizard, chicken, and zebrafish. A 1:1 ortholog is present in the platypus genome on ultracontig 272. We were also able to identify all other Tdrd orthologs (Tdrd2 to Tdrd9) in the platypus assembly (data not shown).
Mael is evolutionarily highly conserved, and orthologs have been identified in various animal lineages and protists [11] . In platypus, only an incomplete sequence is available in the public database. We identified the complete cDNA sequence of the ortholog of Mael in platypus (accession number JQ436565) and a partial sequence in the short-beaked echidna (accession number JQ446444). Based on homology mapping (TsendAyush and Grützner, unpublished results), we predicted the Mael gene to map to one of the platypus sex chromosomes. In order to physically map Mael in platypus, we identified a BAC clone containing the platypus gene. Fluorescence in situ hybridization shows that Mael is autosomal and maps to one of the small metacentric chromosomes, most likely chromosome 17 (Supplemental Figure S1 ; all Supplemental Data are available online at www.biolreprod.org). Multiple alignment of the amino acid sequence reveals overall high conservation of the platypus MAEL (Supplemental Figure S2) . As in other vertebrates, the predicted platypus MAEL protein contains an HMG domain at the aminoterminal end and a conserved MAEL domain at the carboxyterminal end. The MAEL motif is characterized by a set of six highly conserved residues (GluHis-His-Cys-His-Cys) (Supplemental Figure S2) . These residues are mostly unchanged in a wide range of species, including vertebrates, invertebrates, and protists [11] . According to available sequence (ENSOANP00000006136), the first FIG. 1. Evolutionary conservation of piRNA pathway genes in vertebrates and invertebrates. A) Revised delineation of the evolution of Piwi genes spanning 800 million yr of animal evolution. Piwil1 and Piwil2 are present in all vertebrates examined. Piwil4 is gained in vertebrates after the divergence of fish but missing in birds based on currently available sequence. Piwil3 is found in eutherian mammals but lost in mouse. B) Synteny block analyses of Piwil2 in vertebrates. Piwil2 is located in a conserved synteny block in mammals and reptiles. In zebra finch and chicken, a putative PIWIL2 ortholog is located in a different chromosomal region compared with reptiles and mammals. Genes flanking zebra finch and chicken PIWIL2 are located on different chromosomes in these two species, indicating that this region has been rearranged in birds. C) Phylogenetic tree of Piwi genes in multiple species generated with MUSCLE in Geneious version 4.6.5 [46] . The posterior probability of all branches is 1, with the exception of branches with red dots, which is 0.5. Ac, Anolis lizard; Chr, chromosome; Dm, Drosophila; Dr, zebrafish; Gg, chicken; Hs, human; Oa, platypus; Md, opossum; Mm, mouse; Tg, zebra finch; Xl, Xenopus.
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three residues of the motif are conserved in platypus. Surprisingly, alignment with the published MAEL sequence (ENSEMBL release 65) revealed changes in several important parts of the platypus MAEL domain (e.g., deletion of the fourth and fifth residues and mutation of the sixth residue from Cys to Leu), raising the possibility of structural and functional variation in the platypus protein. This motif may represent an ancestral DnaQ-H 3 0 -5 0 exonuclease adopting a canonical 
FIG. 2. Synteny analyses of Piwil1, Piwil3, and Piwil4 in vertebrates. A) Synteny of Piwil3 in eutherian mammals. Piwil3 is located in a region that has undergone multiple rearrangements that interrupted synteny in human, dog, and cow. The instability in this region may be related to the loss of Piwil3 in mouse. B) The synteny block around Piwil1 is conserved between zebrafish and human. Xenopus piwil3 (ENSXETG00000012572) is located on scaffold GL173213 and flanked by fzd10 and rimbp2. C) Synteny block of Piwil4 is highly conserved from Xenopus to human. However, the presence of PIWIL4 cannot be determined within the region flanked by AMOTL1 and FUT4 in chicken and zebra finch based on synteny analysis, GENSCAN [49] , BLASTN [48] , and SIM4 [50] . Chr, chromosome.
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RNaseH fold that catalyzes unspecific hydrolytic cleavage of heteroduplex RNA [11] . The MAEL motif also associates with DNA-binding domains (histone deacetylase domain-interaction domain) or RNA-interacting domains (serine-arginine like) in a variety of species [11] . To verify the unexpected sequence changes in the platypus MAEL domain, we sequenced this region in an additional four different platypuses (including the platypus that was sequenced [53] ), as well as echidna. This confirmed the conservation of those residues of the MAEL domain in monotremes (Supplemental Figure S2) . The errors in the published sequence (ENSOANT00000006138) may be due to the high guanine-cytosine content (62%) of this region.
Conserved mRNA Expression of Piwil1, Piwil2, Piwil4, Mvh, Tdrd1, and Mael in Mammalian Testis
Strong testis expression of piRNA pathway genes, including Piwil1, Piwil2, Piwil4, Mvh, Tdrd1, and Mael, has been demonstrated in a number of species, with the notable exception of Piwil4, where expression in mouse testis ceases 4 days after birth [24] . Using RT-PCR, we investigated expression of these genes in species representing two major amniote lineages, birds and monotremes. As expected, we found robust expression of Piwil1 and Mael in adult testis of both species (Fig. 3 and Supplemental Figure S3 ). We also detected weaker expression of platypus and mouse Piwil1 (but not Piwil2) in kidney samples of both species (Fig. 3, A  and B) .
In contrast to mouse, we found weak expression of Piwil4 in platypus testis. We were also able to confirm no expression of Piwil4 in adult mouse testis but observed weak expression of PIWIL4 in human adult testis (Fig. 3C) [4] .
In mouse, Piwil2 is expressed in different stages of spermatogenesis but not in mature sperm, while Piwil1 is only expressed in pachytene-stage spermatocytes and round spermatids. Mael is expressed in early meiotic cells to round spermatids in mouse testis [39] . To investigate if this differential expression pattern is conserved in platypus, we performed RNA in situ hybridization on adult platypus testis sections (for general histology, see Supplemental Figure S4 ). This revealed widespread presence of Mael and Piwil2 transcripts throughout spermatogenesis but not in mature sperm (Fig. 4, A, B , H, and I). Piwil1 expression seems more restricted to early meiotic stages (Fig. 4, O and P) . Overall, this expression pattern is similar to that described in mouse and shows conservation of the specific expression pattern in the mammalian testis (Fig. 4, D-F, K, and M) . In addition, we observed Mael and Piwil2 mRNA in the Sertoli cell nuclei in mouse testis (Fig. 4, F and M) .
Mael, Piwil1, Piwil2 and Piwil4, Mvh, and Tdrd1
Expression in Adult Mammalian Ovary
In Drosophila, the function of piRNA pathway genes in ovary has been studied extensively. Expression of Piwi and Mael genes in the oocyte-supporting nurse cells suggests an important function of these genes in oogenesis [40, 54] .
Mvh is expressed in the embryonic ovary, and weak to undetectable expression has been reported in postnatal ovary in several mammalian species [37] but not in platypus. Tdrd1 expression has been demonstrated in mouse ovary [45] . Only recently, Piwil1 and Piwil2 expression has been reported in adult mouse and porcine ovary [31, 34, 52] . A genome-wide search for candidate ovarian fertility genes has identified Mael as a gene expressed in primordial and primary follicles, but no expression was detected in preantral and antral stages of folliculogenesis [35] .
Our experiments show consistent and specific expression of Mael in adult mammalian and avian ovary (Fig. 3) . In mouse and human, we found Mael expression in oocytes and granulosa cells of primordial and preantral follicles (Figs. 5  and 6 ). In later stages of folliculogenesis, Mael expression is limited to cumulus cells of large antral follicles in mouse (Fig,  5B ). Piwil1 and Piwil2 show conserved ovarian expression in platypus and human (Fig. 3 , A and C, and Supplemental Figure  S5 ). We also detected a low level of Piwil4 expression in platypus and human ovary (Fig. 3, A and C) .
The RNA in situ hybridization shows that Piwil2 is expressed only in the supporting cells at different stages of follicular development in mouse ovary but not in the oocyte (Fig. 5D) . In contrast, PIWL1 and PIWIL2 are expressed in the oocyte and granulosa cells of human primordial follicles (Fig.  6 , B and C, and Supplemental Figure S5 ). Consistent with mouse, expression of these genes is restricted to supporting cells of preantral follicles in human (Fig. 6, D-F , and Supplemental Figure S5 ).
In platypus, we investigated the expression pattern of Mael, Piwil1, and Piwil2 in the active and inactive ovary. The comparison with the egg-laying platypus is particularly interesting because they share histological features with the avian ovary, including large oocytes, lack of an antrum, and a thin layers of granulosa cells [55] (Fig. 7 and Supplemental Figure S6 ). In addition, platypuses ovulate from only the left ovary, as do birds; however, the inactive ovary is more developed compared with chicken. The inactive platypus right ovary contains numerous primordial follicles (Fig. 7, D-F, and   FIG. 4 . Expression pattern of piRNA pathway genes in the mammalian testis. The RNA in situ hybridization shows Mael expression in platypus (A and B) and mouse (D-F), Piwil2 expression in platypus (H and I) and mouse (K-M), and Piwil1 expression in platypus adult testis (O and P). Piwil1 expression is restricted to early meiotic cells in platypus testis. Mael and Piwil2 are expressed from early meiotic cells to round spermatids, with no expression in mature sperm in either species. A low level of Mael (E and F) and Piwil2 (L and M) transcript appears to be expressed in the nuclei of Sertoli cells (arrows) in mouse testis. The box in E and L indicates the regions enlarged in F and M, respectively. Negative controls with sense probe are shown in platypus (C, J, and Q) and mouse (G and N) testis. Platypus testis material was collected during breeding season, when spermiogenesis is occurring. Bar ¼ 50 lm.
piRNA PATHWAY GENE EXPRESSION IN AMNIOTE GONAD
Supplemental Figure S6 ) but no mature tertiary follicles, as reviewed previously [55] .
Mael, Piwil1, and Piwil2 are expressed in both active and inactive ovaries in platypus. In situ hybridization shows that all three genes are expressed in the oocytes of small primary follicles (Fig. 7) and granulosa cells (Supplemental Figure S7) in the active and inactive ovary. Mael and Piwil2 are always coexpressed in primary follicles in the active ovary (Fig. 7, A  and B) . We noticed that some follicles show exclusive expression of Piwil1 but not Mael or Piwil2 (Fig. 7, A-C) . The amorphous morphology of those primary oocytes with Piwil1 expression (but not Mael or Piwil2) may indicate atretic follicles (Fig. 7, C and F) . In the inactive ovary, Mael, Piwil1.
and Piwil2 are expressed in primary follicles, which are abundant within the cortical parts of the ovary (Fig. 7, J-L) . In primordial follicles, Piwil2 and Mael are expressed in granulosa cells and at a low level in the oocyte (Fig. 7, M-O) .
For Mvh, we found a remarkable difference in mRNA expression between platypus and mouse. In mouse adult ovary, we did not detect Mvh mRNA, while strong expression is present in testis. In platypus, we observed strong expression in testis and a weak signal in platypus kidney as reported by Hickford et al. [37] . In platypus ovary, we obtained an unexpectedly strong PCR product (Fig. 3) . Ovarian expression of Tdrd1 has been described in mouse [45] and zebrafish [18] . In platypus, we detected specific but weak mRNA expression in adult testis and ovary (Fig. 3) .
DISCUSSION
Piwi-like genes are highly conserved in animal evolution and have undergone lineage-specific duplications and gene loss. Synteny of Piwil2 seems largely conserved in mammals and reptiles, with the exception of birds, where a putative Piwil2 sequence is located in another genomic region (Fig. 1) . It is unclear at this point if this putative avian PIWIL2 ortholog translocated to a different region in birds or if this gene arose through an avian-specific duplication and subsequent loss of the original PIWIL2 gene.
Similarly, synteny analysis suggests that in mouse the Piwil3 gene is missing in the genomic region at which this gene is found in other mammals (Fig. 2) . In human, PIWIL3 is flanked by SGSM1 and GGT1; however, those genes are located on different chromosomes in mouse, only Sgsm1 is found next to Piwil3 in cow and dog, and Ggt1 seems to have translocated to a region downstream of Piwil3. The gene flanking Piwil3 in dog and cow, Cmklr1, is located on a different chromosome in human. Genes that flank Piwil3 in dog and cow (Sgsm1 and Cmklr1) are also syntenic in mouse, further supporting that Piwil3 is lost in mouse.
Synteny analysis of Piwil orthologs in Xenopus suggest that Piwil1 and Piwil4 orthologs are conserved in this species and that, contrary to the nomenclature in the database, Xenopus does not have Piwil3, consistent with the idea that this gene is eutherian specific. The functional relevance of the lineagespecific gain and loss of Piwil genes is currently unclear. Some of the differences (e.g., loss of two Piwil genes in birds) may be related to the evolution of certain repeats (LINE1 in particular) or changes in epigenetic reprogramming in the germline.
Expression analysis of piRNA pathway genes in mammals has mainly focused on male germline cells in mouse. In mouse, Piwil4 (Miwi2) expression is restricted to the embryo, and no expression is found after birth or in adult males. Piwil4 expression has recently been reported in pig adult testis [56] . Together with our observation of weak Piwil4 expression in human and platypus adult testis, this suggests that some Piwil4 mRNA expression in adult testis may be common in mammals but has been reduced or lost altogether in adult mouse. This is also interesting in the context of the idea that the narrow expression window of Piwil4 in mouse coincides with L1 expression, cell cycle arrest, and de novo methylation of transposable elements [24] . Because both chicken and platypus lack active L1, Piwil4 might have adopted a different role in those species.
Germ cell-specific expression of Piwil1 and Piwil2 has been suggested because Northern blot analysis showed no expression of these genes in mutant mice lacking spermatogenesis [7] . However, that an increased number of Sertoli cells was observed in the seminiferous tubules of Piwil2 mutants suggests a role for this gene in Sertoli cell proliferation [25] . In Mael-mutant mice, a subtle change in Sertoli cell appearance was described [39] . In addition, piRNAs were recently found to localize within the nucleolus of Sertoli cells in mouse [57] . Together with our finding of Piwil2 and Mael expression in Sertoli cell nuclei, these results may lend further support to the idea that the importance of the piRNA pathway in supporting cells of the Drosophila ovary [29, 40] may also apply to the corresponding supporting cells in testis. As expected, we found strong mRNA expression of Mvh and weak expression of Tdrd1 in platypus testis (Fig. 3, D and E) , demonstrating the conservation of testis expression of these genes.
Consistent with previous work [7, 58] , we did not detect Piwil1 (Miwi) in cDNA derived from mouse adult ovary. A recent study by Ding et al. [34] also did not detect Piwil1 by RT-PCR in adult ovary, but PIWIL1 protein was still present at primary and secondary follicles. It was concluded that translation may nevertheless occur in primordial follicles. Interestingly, we detected Piwil1 mRNA in human and platypus adult ovary, particularly strong in inactive ovary, which harbors large numbers of primordial follicles. Also, the in situ hybridization on platypus ovary showed a weaker signal in late-stage follicles (Fig. 7) . On the other hand, the strong signal in human samples may likely represent expression in stages beyond primordial follicles. We also detected a low level of Piwil4 expression in platypus and human ovary (Fig. 3, A  and C) . The mRNA expression of Mael and Piwil2 during folliculogenesis resembles observations in testis: in platypus and mouse testis, Mael and Piwil2 are expressed in early meiotic cells, while Piwil1 expression is restricted to late spermatogenesis (Fig. 4) [7] . Activity of different piRNA production pathways has been reported in Drosophila ovarian somatic cells and oocytes [29] . It is as yet unknown if ovarian supporting cells in mammals also feature distinct piRNA populations.
Different piRNA pathway genes have been associated with primary and secondary piRNA processing. For example, Mael, Piwil2, and Piwil4 are thought to be important for secondary piRNA processing [13] . We observed coexpression of Mael and Piwil2 in Sertoli cells, as well as granulosa cells, raising the possibility of secondary piRNA processing in supporting cells in male and female gonad.
Our finding of expression of Mael throughout oogenesis in oocyte and supporting cells is in contrast to that by Gallardo et al. [35] , where Mael expression was observed only at earlier stages and not in supporting cells. The difference may be due to technical differences in tissue processing or in situ probe design. That we observed consistent expression in different species (platypus, mouse, and human) and the recent study [32] on piRNA activity in the porcine cumulus-oocyte complex support that the piRNA pathway is active in somatic supporting cells in the mammalian ovary.
In mouse adult ovary, we did not detect Mvh mRNA, while strong expression was present in testis. In platypus, we observed strong expression in testis and ovary. The strong expression in ovary is in stark contrast to the expression profile in mouse and in the tammar wallaby, where expression peaks at Days 40 to 60; no expression was detected in adult ovary [37] . It is unclear at this stage what this may mean in terms of proliferation or germ cell maintenance in platypus ovary. However, mutant analysis in different animals suggests that Mvh has adopted different roles in germ cell development in different species [37] . Ovarian expression of Tdrd1 has been described in mouse [45] and zebrafish [18] . In platypus, we detected specific but somewhat weak mRNA expression in adult testis and ovary (Fig. 3) . Despite some species-specific variation, we overall observe strong conservation of expression of genes in the piRNA pathway in mammalian gonad.
We observed Piwil1 and Tdrd1 expression in mouse and platypus kidney and weak expression of Mvh in the platypus female kidney sample [37] . Increasingly, piRNA pathway activity is observed in somatic tissues, including lung, pancreas, and epididymis, in various species [59] . In pig, low Piwil gene expression has been observed in various somatic tissues [56] , and specific piRNAs are expressed widely in somatic tissues, including kidney [60] . In humans and mouse, Tdrd1 is expressed in a wide range of tissues, including kidney [61] .
In conclusion, we investigated the evolution and expression pattern of key piRNA pathway genes (Piwil1, Piwil2, Piwil3, Piwil4, Mael, Mvh, and Tdrd1) in mammals and birds. In mammals, the expression of piRNA pathway genes has been predominantly studied in testis, and expression analysis has been lacking for the basal mammalian lineage of monotreme mammals. We show for the first time to date the conserved mRNA expression pattern of piRNA pathway components (Mvh, Tdrd1, Mael, Piwil1, and Piwil2) in the most basal mammalian lineage of egg-laying monotremes, suggesting that the function of this pathway is conserved during mammalian spermatogenesis and oogenesis. In addition, we found novel evidence for expression of Piwil1, Piwil2, and Mael in supporting cells in testis and ovary in platypus, mouse, and humans. Interestingly, Mvh was strongly expressed in adult ovary in platypus. Together with other recent findings, this suggests that the piRNA pathway is active in supporting cells (i.e., granulosa and Sertoli cells) and that a role of this pathway in testis and ovary may have been conserved over hundreds of millions of years of divergent evolution.
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3 primary follicles. M-O) Mael and Piwil2 but not Piwil1 are expressed in the granulosa cells of primordial follicles (inactive ovary), indicating early mRNA expression of these genes during folliculogenesis. G-I and P-R) Negative controls with sense probe of Mael, Piwil2, and Piwil1 on active and inactive ovaries, respectively. Bar ¼ 50 lm.
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